DNA of the avian hepadnavirus, duck hepatitis B virus, was found to be integrated at low abundance into the cellular DNA extracted from the livers of infected ducklings. The frequency of integration was estimated to be at least one viral genome per 10 3 to 10 4 cells by 6 days postinfection. The structures of virus-cell junctions determined by sequencing were compared with those of virus-virus junctions formed by nonhomologous recombination between the ends of linear viral DNA forms. This comparison allowed us to conclude that linear viral DNA was the preferential form used as an integration substrate. Potential factors promoting viral DNA integration during chronic infection are discussed.
Persistent infection of hepatocytes by hepatitis B virus (HBV)
is not considered to be cytopathic. Rather, chronic liver disease is generally ascribed to consequences stemming from the action of the host immune system against virus-infected cells (for reviews see references 6, 8, and 21) . In addition, variants of hepadnaviruses which have been shown or proposed to be directly cytotoxic have been described (1, 5, 14-16, 20, 23, 24) . Hepadnaviruses have also been shown to cause genetic alterations in infected cells by integration into the host cell DNA, a process referred to as insertional mutagenesis (for a review see reference 3). Insertional mutations caused by hepadnaviruses have been implicated in the pathogenesis of hepatocellular carcinoma resulting from chronic HBV infection in humans and especially in chronic infections of woodchucks by the woodchuck hepatitis virus (WHV) (4, 7, 12) . Integrated viral DNA sequences are often fragmentary or highly rearranged, indicating that specific mechanisms for the insertion of functional viral DNA into the chromosome are not encoded by the virus.
Circumstantial evidence suggests that various linear forms of viral DNA may recombine with cellular DNA to produce the variety of integrated structures seen in hepatocellular carcinomas (10, 31, 32) . Evidence exists for at least three kinds of linear DNA produced during infection, as shown in Fig. 1 . Linear viral double-stranded DNA is formed primarily as a minor product of abortive DNA replication due to failure of plus-strand priming to occur at a site on the genome that allows genome circularization (in situ-primed linear DNA) (17, 26) . Linear forms can also be produced by the process of "illegitimate replication," an inefficient replication pathway that bypasses the genome circularization step and results in a low sustained level of replication through double-stranded DNA in situ-primed linear intermediates (illegitimate linear DNA) (31, 33) . Finally, evidence from chronically infected woodchuck livers suggests that about 20% of all linear-DNA forms involved in intramolecular recombination consist of molecules derived by denaturation of the cohesive 5Ј ends of circular DNA followed by repair synthesis of the single-stranded ends (cohesive-end linear DNA) (32) . These three forms of linear DNA have each been shown to participate in intramolecular blunt-end-joining reactions by nonhomologous recombination, and it has been suggested that linear DNAs might participate in intermolecular recombination with cellular DNA ends to produce integrated forms (9-11, 26, 31) .
In the present study we have investigated the possibility that integration of viral linear DNA occurs even during short periods of viral DNA replication in the liver in the absence of any pathogenesis. Using ducklings infected with the avian hepadnavirus duck hepatitis B virus (DHBV) (19) , we found that integrated DNAs could be detected at low levels at least as early as 6 days postinfection and that these integrated forms were probably derived from at least one of two types of linear precursor. Evidence for the production of abundant linear-DNA precursors to integrated DNA in the infected liver is presented.
MATERIALS AND METHODS
Viruses and infected ducklings. The strain of DHBV used in these experiments was DHBV16 (18) . A mutant genome of DHBV16, I2, containing an insertion of two bp in the r sequence, has been described (33) . Ducklings infected with wild-type virus or with the I2 mutant were described in a previous study (33) , and livers from these animals were used for this study.
Inverse-PCR assay for virus-cell junctions. Measurements of the frequency of integration of viral DNA and the mapping of virus-cell junctions were performed by an inverse-PCR strategy similar to that described by Gong et al., as illustrated in Fig. 2 (11) . DNA from infected liver was isolated by phenol extraction without any prior protease digestion. This procedure eliminates the viral-DNA replicative intermediates by extraction into the phenol phase or interface, producing a purified fraction containing high-molecular-weight chromosomal DNA as well as nonchromosomal forms, such as mitochondrial DNA and viral covalently closed circular DNA (cccDNA) (27) . We refer to this fraction as "cellular DNA" even though it also contains viral cccDNA measured at approximately 1 part in 25,000 (data not shown). The inverse-PCR method we used was designed to amplify specific regions of viral DNA that were linked to nonviral sequences. Two reactions separately amplified regions covering the ends of in situ-primed linear DNA (26) that were linked either upstream or downstream to nonviral sequences. For convenience, we call the virus-cell junctions in which the cellular DNA is upstream of the small repeat sequence r the left-hand junctions (Fig. 1) , while those in which the cellular sequences were downstream of r are called the right-hand junctions.
Cellular DNA was digested with the restriction enzyme Sau3AI, which recognizes a frequently occurring tetranucleotide sequence, GATC, or with MspI, whose recognition site is CCGG. Each digested DNA was diluted to approximately 1 g/ml and treated with 40 U of T4 DNA ligase/ml overnight at 10°C. At low DNA concentration, this step resulted in circularization of the fragments through intramolecular ligation of their ends (2) . Fragments containing a viruscell junction derived from integrated viral DNAs would be expected to circularize through ligation of a Sau3AI or MspI end in the viral DNA with the corresponding end located in the adjacent cellular sequence, while all other viral sequences would circularize through two homologous sites located in the viral genome. Among all potential fragments containing virus-cell junctions, we selectively amplified those in which a recombination joint occurred in the vicinity of the small repeat sequence, r, which is found at either end of in situ-primed linear DNA.
To selectively amplify the right-hand joints in this region, we first digested the religated Sau3AI fragments with EcoRV and XbaI, which cleave at positions 2652 and 2662, respectively, on the viral genome, approximately 100 nucleotides downstream from r (ending at 2537), then with BspHI, which cleaves at position 1869. After cleavage, the DNA was diluted and subjected to PCR with primers RF1 (2093 to 2123) and RR1 (1778 to 1755). This primer set will only amplify template molecules that have the primer binding sites but have not been cleaved by either EcoRV or XbaI. This requirement prevented all cccDNA-derived Sau3AI fragments from acting as templates ( Fig. 2A) . A similar strategy was employed to selectively amplify the left-hand virus-cell junctions, starting with the MspI fragments, as illustrated in Fig. 2B . In this case, digestions with NcoI and AvaI were used to prevent cccDNA-derived MspI fragments from serving as templates for PCR. After an additional digestion with NsiI, intact linear DNAs were amplified with primers LF1 (2851 to 2873) and LR1 (2843 to 2820).
Using the inverse-PCR strategy, we performed amplification reactions on amounts of cellular DNA that yielded products in only a fraction of the individual reactions. To obtain visible products from such endpoint dilutions required a second set of nested primers to amplify 1 l of the products of the first reactions (1/30 of the total) with an additional 35 cycles of amplification. For amplification of the left-hand junction fragments, we used primers LF2 (5Ј biotin 2877 to 2900) and LR2 (2698 to 2675), and for the right-hand junction fragments the primers were RF2 (2217 to 2240) and RR2 (5Ј biotin 1732 to 1709). All amplification reactions were carried out in a volume of 30 l of reaction mixture containing 2.5 mM MgCl 2 , 15 pmol of each primer, and 1.5 U of Taq DNA polymerase (Promega catalog no. M1661) in a reaction buffer of the supplier (Promega). Each amplification cycle consisted of a 45-s denaturation at 94°C, a 60-s annealing at 55°C, and a 90 s elongation at 72°C. Direct sequencing of the biotinylated product from the second PCR was carried out as previously described (33) .
The advantages of the endpoint dilution method, which yielded products derived from a single template molecule in each positive reaction (see below), were threefold. First, since each product was amplified in the absence of any competing fragment, the collection of products obtained in individual reactions was unbiased with respect to their relative efficiencies of amplification. Only fragments that could not be amplified sufficiently to yield a detectable product, even in the absence of competitor, were not detected in the analysis. For example, virus-cell junction fragments containing long cellular sequences (Ͼ1,000 kb) would not be expected to be amplified. Second, since each product was clonal, PCR products could be sequenced directly to locate the position of the virus-cell junction. Finally, the amount of cellular DNA template in each reaction at the endpoint dilution, and the frequency of occurrence of virus-cell junctions in reactions performed on endpoint dilutions, allowed an estimate of the frequency of occurrence of amplifiable virus-cell junctions in the liver. An example of one such set of endpoint dilution PCRs for the detection of right-hand junctions is shown in Fig. 3 .
Validation of the single-molecule amplification. In order to confirm that single template molecules were amplified as single sequence clones, we performed an experiment to see if nested PCR of appropriately diluted samples could produce the expected unique sequences known to be present in a mixture of two template sequences. Equal amounts of plasmids containing either cloned DHBV3 (25) or DHBV16 (18) sequences were diluted so that individual nested PCR produced or at 2202 in cccDNA (right). The circular products produced by ligation were then digested with NsiI (Ns) at position 2849, and the linear products produced from cccDNA (right) were selectively cleaved with NcoI (N) and AvaI (A) before PCR. A first round of PCR was followed by a second round with nested primers (not shown). The 9-nucleotide repeated sequence found at either end of minus strand DNA is indicated (r).
single bands in only a fraction of the reactions. Forty reactions containing an amount of plasmid DNA calculated to be equivalent to 1.2 molecules per reaction (0.6 molecules for each strain) yielded eight reactions with products and 32 reactions with no product. Direct sequencing of each of the eight products generated unique sequence ladders characteristic of either DHBV3 (five of eight) or DHBV16 (three of eight). From this result we concluded that single templates were efficiently amplified to produce products and that products obtained by amplification of samples at endpoint dilution were derived from single templates.
Controls for artifacts. Because the molecules we characterized as naturally occurring recombination joints could not be confirmed by any method with sensitivity comparable to PCR, we performed a series of control experiments to rule out artifacts that could produce PCR products with sequences resembling recombination joints. The potential known artifacts that we investigated included (i) T4-ligase-mediated in vitro joining of cellular DNA ends with ends of contaminating viral DNA and (ii) template switching during PCR. Both of these reactions would produce apparent recombination sites that were not located at a Sau3AI site.
Since in vitro ligation of cellular and viral DNA ends would require that one of the two ligation partners bear a 5Ј phosphate end, we tested whether dephosphorylation of the sample prior to Sau3AI digestion influenced the frequency or type of products that appeared following nested PCR. Treatment of 10 g of DNA from infected cells with 30 U of calf intestinal alkaline phosphatase at 37°C for 1 h (enzyme and reaction buffer from New England Biolabs [catalog no. 290S]) prior to Sau3AI digestion, dilution, and ligation did not result in any significant reduction in the frequency of PCR products derived from amplification reactions on 250 pg of treated or untreated samples (19 and 6 products per 20 reactions, respectively). Sequencing of the products from both the treated and untreated samples showed no pattern of differences in the structures of the recombination joints. From this result we concluded that the reaction products did not depend on templates produced during in vitro ligation.
In order to test for the possibility of template switching during the nested PCR, we used as a template a dimer-containing plasmid DNA that had been cut at multiple sites with Sau3AI and at the unique site with AlfII. After denaturation, this DNA sample contained a cleavage fragment with a structure similar to that of nascent virus minus strands, i.e., with the 5Ј end located close to the AlfII site and the other end located at an upstream Sau3AI site. Intramolecular template switching on nascent viral minus strands during PCR could produce joints that resembled the recombination joints we detected in the infected-cell DNA. Using the nested primer set for inverse PCR (RF1-RR1 and RF2-RR2), we amplified various amounts of plasmid template and assayed for the expected-size PCR product. Only at high template concentrations, i.e., at 60,000 to 120,000 times that present in our reactions, did we observe any PCR product whatsoever. Although this experiment suggests that template switching may occur if the template molecule is discontinuous, the frequency of occurrence was at least 4 orders of magnitude below that required to contribute to generating the products that we characterized as recombination joints.
Finally, we tested whether nonintegrated viral sequences present in the sample could participate in an unforeseen way in generating the putative recombination joints. For this control, we added 1.5 ng of plasmid containing cloned DHBV3 DNA to 5 g of a cellular-DNA sample from uninfected or infected birds prior to Sau3AI digestion and carried out the entire assay for right-hand joints as usual, using inverse PCR with nested primers. This ratio of plasmid to cellular DNA represents about seven times the abundance of viral cccDNA in the DNA from infected livers. The amplifiable plasmid-derived fragment in this assay would be expected to be cleaved by the EcoRV and XbaI after ligation and therefore to be unavailable for use as a template. We asked whether any other unforeseen reactions with the DHBV3 DNA produced apparent recombination joints. The data from this experiment are summarized in Table 1 .
Amplification of 124 samples containing uninfected or infected cellular DNA mixed with DHBV3 DNA (50 to 200 pg total DNA per reaction) yielded 37 single bands derived from DHBV3 DNA. Sequencing of these single bands revealed that two types of artifacts contributed to apparent recombinations joints, and both of these artifacts were easily recognized. One type of product was amplified due to a failure of either the EcoRV or XbaI sites to be cleaved (11 examples). Such molecules, when observed in the experiments, were considered as background and excluded from the analyses. A second type of product we observed was apparently due to a "star" activity of Sau3AI, i.e., cleavage at Cellular DNA from wild-type-virus-infected duck 10 was processed as described in the legend to Fig. 2A and added to individual amplification reaction mixtures in the amounts indicated. After two rounds of PCR with nested primers, the products were analyzed by electrophoresis through a 1.5% agarose gel and stained with ethidium bromide. The absence of products in the reactions containing less than 500 pg of cellular DNA indicates that amplifiable junction fragments were not present in these dilutions. The presence of heterogeneous products in reactions containing more than 500 pg of cellular DNA indicates that multiple junction fragments were present. The two discrete products in the 500-pg reaction indicate that two junction fragments were present. (B) Twentytwo individual reactions (indicated above the lanes), each containing 100 pg of cellular DNA from the reaction shown in panel A, were assayed for the presence of discrete products. Nine unique products were produced in eight of the reactions. Therefore, the frequency of junction fragments was nine per 2.2 ng of cellular DNA. The PCR products were characterized by direct sequencing. The product from reaction 20 was unsuitable for sequencing because of the mixed product. Lane m, molecular weight markers of bacteriophage DNA digested with HindIII. tained from the infected-cell DNA sample, only one recombination joint was due to an apparent in vitro ligation, at the Sau3AI-like site located at position 2632, while the remaining three recombination joints were located at unrelated sites. From this experiment, combined with the other controls, we concluded that artificial recombination joints were generated only at authentic Sau3AI or Sau3AI-like sites and that virus-cell junctions occurring at other positions on the DHBV genome were probably the results of in vivo recombination. Recombination joints occurring at Sau3AI-like sites were occasionally seen in the experiments and were excluded from the analysis as probable artifacts of in vitro ligation.
RESULTS
Infected ducks. Two ducklings were infected at 4 days of age with 5 ϫ 10 9 virus particles each and monitored for 6 days postinfection, at which time the ducklings were sacrificed and liver tissue was frozen. Peak viremia appeared at 4 days postinfection, and the liver was positive for viral DNA at 6 days postinfection. The virological assays of these two birds have been reported previously (see Fig. 5 in reference 33) . Cellular DNA was extracted from the livers of the birds and assayed for virus-cell junctions by inverse nested PCR.
Frequency of occurrence of virus-cell junctions. Left-and right-hand-junction fragments were amplified by similar strategies, as described in Materials and Methods. As outlined in Table 2 (WT rows), a total of 390 ng of cellular DNA from bird 10 and 55 ng from bird 14 was subjected to amplification reactions specific for right-hand junctions, and 6 ng from bird 10 was subjected to amplifications specific for the left-hand junctions. Right-hand-junction-specific reactions yielded a total of 60 unique products for bird 10 and 168 products for bird 14, while 140 products were produced from left-hand-junctionspecific reactions in bird 10.
Only a minority of viral recombination joints amplified in these reactions were apparently from virus-cell recombination events. Approximately 55% of all PCR products could not be positively identified by sequencing due to either (i) the presence of multiple bands in one reaction (42%), (ii) failure of the sequencing reaction (8%), or (iii) proximity of the recombination joint to the sequencing primer (4%). Sequencing information obtained from the remainder of these products to locate the position of the viral recombination joint and the nature of the joined sequences revealed that most recombination joints resulted from joining with other viral DNA sequences at various positions and either in direct or inverted orientation. Because some nonhomologous virus-virus recombinations resulted in the deletion of the EcoRV and XbaI sites (2652 and 2662, respectively), they were able to be amplified under the conditions employed for detecting the right-hand virus-cell junctions. Similarly, virus-virus junctions resulting from recombinations that deleted the AvaI and NcoI sites were able to be amplified under the conditions employed for detecting the left-hand virus-cell junctions. We have previously described the occurrence of such recombination joints in both DHBV-infected hepatocytes and in WHV-infected woodchuck liver (31, 32) , concluding that such joints were formed by nonhomologous inter-and intramolecular recombination of the viral linear DNAs shown in Fig. 1 . The abundance of these molecules in our assays suggests that linear-DNA molecules were present and available as recombination substrates during the shortterm in vivo infection with wild-type DHBV.
Putative virus-cell junctions were readily detected (20 recombination joints) among the products of amplification of right-hand junctions; however, only four examples were found among the left-hand junctions. These junctions were identified by the nonviral nature of the sequence joined to viral DNA, and 23 of 24 tested from this and later experiments were confirmed to contain duck genomic DNA by hybridization to duck DNA on Southern blots or by PCR amplification of duck genomic sequences with specific primers designed from the known sequence (data not shown). The nature of the duck cellular sequences was not further investigated. The frequency of virus-cell junctions calculated from the number of sequenced right-hand joints was in the range of one in approximately 10 3 to 10 4 cells. A frequency of one joint in approximately 10 3 cells was calculated from left-hand virus-cell junctions, although this calculation was based on the detection of only four junctions. These numbers must represent a minimum frequency, since some junction fragments were probably not amplified due to their sizes and not all PCR products were identified in these experiments, e.g., reactions with multiple bands were not sequenced.
Distribution of virus-virus and virus-cell recombination joints. To examine whether virus-cell junctions appeared to be derived from linear viral-DNA precursors, we determined the cumulative distribution of virus-cell recombination joints in the vicinity of the two ends of the various forms of linear DNA. We compared these distributions to those seen in the virus-virus joints, presumed to be derived from linear DNA precursors. The results for both the right-hand and left-hand junctions are shown in Fig. 4 . The distribution of 22 right-hand virus-cell junctions and a representative sample of 35 right-hand virusvirus junctions revealed that all recombinations (cumulative frequency ϭ 1.0) within the viral sequences occurred to one side of a position corresponding to the right-hand end of the three linear DNAs (right-hand graph). Because the distribution of the virus-virus junctions was coincident with that of the virus-cell junctions (Fig. 4) , we concluded that the two types of recombinants were derived from the same population of linear DNAs, at least with respect to the right-hand ends. This result suggests that linear DNA was the recombination substrate for integration into cellular DNA.
The distribution of the 4 left-hand virus-cell junctions in comparison with that of 71 left-hand virus-virus junctions is shown in the left-hand graph of Fig. 4 . As reported previously for WHV-infected liver, the distribution of left-hand virus- The distribution ends at position 2489, the left-hand end of the hypothetical precursor, cohesive-end linear DNA. The yield of left-hand virus-cell junctions in our experiments was not sufficient to establish a high-resolution frequency distribution curve for comparison with that of the virus-virus junctions, but the positions of these four joints are consistent with either of the two linear DNA forms being the precursor for integration. Effect of excess production of in situ-primed linear DNA. Virus-cell junctions appeared to be derived from linear forms of viral DNA, which existed in at least two forms in DHBVinfected liver, judging from the distribution of virus-virus recombination joints. To determine the effect of production of excess linear DNA over relaxed circular DNA (rcDNA) on viral DNA integration, we used a mutant of DHBV, I2, that produced an amount of in situ-primed linear DNA estimated to be 5-to 10-fold higher than that produced by wild-type virus (50% of the total). Two ducklings were infected at 4 days of age with 5 ϫ 10 9 I2 virus particles each and monitored for 6 days postinfection, at which time the ducklings were sacrificed and liver tissue was frozen. Peak viremia appeared at 4 days postinfection, and the liver was positive for viral DNA at 6 days postinfection. The virological assays of these two birds have also been reported previously (Fig. 5 in reference 33) .
Cellular DNA was extracted from the liver of one of these birds, and limiting dilutions were subjected to PCR to isolate and sequence virus-virus and virus-cell junctions from both the left-and right-hand ends. The results are summarized in Table  2 (I2 rows). The frequency of amplification of right-hand viruscell and virus-virus junctions was not significantly different in the I2 infection from that observed in the parallel wild-type DHBV infection, and at 6 days postinfection we estimated that right-hand joints could be detected in approximately 1 in 4 ϫ 10 3 cell genome equivalents. Although 54 virus-virus junctions mapping to the left-hand end of the linear DNA were amplified, only 1 left-hand virus-cell junction was detected. This frequency is similar to that seen in the wild-type-virus-infected liver DNA, but the number of virus-cell junctions in both wild-type-virus-and I2-infected livers is too small for accurate comparison.
The distribution of virus-virus and virus-cell junctions mapping to both ends of the linear DNA in I2-infected birds is shown in Fig. 5 . In general, the distribution of recombination joints mapping to the right-hand end is similar to that seen in wild-type-virus infection, supporting the conclusion that linear DNA was a significant integration substrate. The distribution of virus-virus junctions mapping to the left-hand end of linear DNA is dominated by the apparent contribution of the in situ-primed linear DNA end, consistent with the elevated production of this form of DNA and the reduced production of rcDNA, the precursor of the hypothetical cohesive-end linear DNA. The location of the single virus-cell junction mapping to this end of linear DNA is also consistent with a linear DNA precursor.
DISCUSSION
The data we have presented support the conclusion that linear hepadnaviral DNA produced during the course of a short-term infection undergoes intermolecular recombination events resulting in the joining of viral sequences to the DNA of infected cells. We believe that these joining reactions represent integration events that result in the insertion of viral sequences into one or more chromosomes in the infected cell. On the basis of these experiments, we cannot exclude the possibility that some virus-cell junctions were ultimately derived from template switching to a cellular RNA during reverse transcription of viral RNA, as occurs commonly with retroviruses; however, the evidence favors the conclusion that the joints detected resulted from recombination at the DNA level, since (i) virus-cell joints were colinear with one of two forms of linear viral DNA and (ii) alterations in the ratio of linear to rcDNA forms correlated with an alteration of the sites of virus-virus recombination, which codistribute with the virus-cell junctions (compare Fig. 4 and 5) . Moreover, stable integration of hepadnaviral DNA into the DNA of liver cells has been well documented (3, 4) , while transduction of cellular sequences by hepadnaviruses has never been described. The frequency of putative viral integrations that resulted from inoculation and spread of infection throughout the liver during a period of 6 days was estimated to be, on average, at least one per 10 3 to 10 4 cells. We do not know whether these recombination events occurred in separate cells or if rare cells produced many recombination events. The inference that linear DNAs were precursors to the integrated DNAs is supported by circumstantial evidence, namely, that the distributions of recombination sites on the viral genome were colinear with either end of the linear-DNA molecular map. This distribution corresponded closely with the distribution of virus-virus junctions that are known to be the result of nonhomologous recombination between the two ends of linear-DNA molecules (31) (32) (33) . Moreover, no right-hand virus-cell junctions retained sequence continuity through position 2537 (the right-hand end of both linear DNAs) as might result if molecules other than the linear DNAs described were integration substrates. This finding suggests that linear DNA was the predominant integration substrate in this short-term infection.
The existence of two types of linear-DNA substrate for recombination, differing in the positions of the left-hand ends, was indicated by the distribution of the left-hand recombination joints from wild-type-virus-infected liver (Fig. 4) . The lefthand end of one putative linear-DNA substrate corresponded to the 3Ј end of the minus strand, consistent with a linear-DNA molecule formed by in situ priming of plus-strand synthesis. Seventy-four percent of all the left-hand virus-virus junctions were located to the right of this position. The remaining 26% of left-hand virus-virus junctions were located in the short region to the left referred to as the cohesive end region, between the 3Ј end of the minus strand and the 5Ј end of the plus strand at nucleotide 2485. These recombination joints can best be explained by a cohesive-end linear-DNA precursor formed by displacement of the cohesive ends of rcDNA by strand elongation. A strikingly similar distribution of left-hand recombination joints was observed in cccDNA isolated from livers chronically infected with WHV, indicating that this hypothetical precursor, cohesive-end linear DNA, may be a common product or intermediate in hepadnavirus replication (32) .
In contrast, in DNA extracted from I2-infected livers, no virus-virus junctions that could be exclusively assigned to cohesive-end linear precursors were detected (Fig. 5) . This result correlates well with the reduction of rcDNA in favor of in situ-primed linear DNA forms in livers infected with the I2 mutant, consistent with the assignment of these two forms of linear DNA as recombination substrates. Among all infected birds, only five left-hand virus-cell junctions were identified. Left-hand junctions were less easily detected than right-hand junctions because of a higher background of virus-virus joints and because the enzyme used for digestion of the integrated DNA, MspI, cut relatively infrequently in cellular DNA compared with Sau3AI, which was used for digestion of the righthand junctions. Nevertheless, the positions of these recombination joints were consistent with either in situ-primed or cohesive-end linear precursors. None of the virus-cell recombination joints sequenced in any of the experiments appeared to be derived from linear DNA produced by illegitimate replication. The frequency of nonhomologous right-hand virus-virus junctions in the wild-type-virus-infected livers exceeded that of virus-cell junctions by an average of 3.6-fold among the different sets of amplifications. These junctions are grossly underestimated, since such junctions were heavily selected against by the assay. Only virus-virus junctions in which intermolecular joining occurred in the antiparallel orientation, or in which joining resulted in a substantial deletion of sequences from one end of the linear precursor, would have been capable of being amplified in our assays. Intermolecular joining and large deletions were previously found to be infrequent events in nonhomologous recombination between the ends of linear DHBV DNA. In any case, the presence of a large excess of virus-virus recombination joints indicates that virus-cell recombination was a minor fraction of recombination events involving linear viral DNA. Moreover, enhancement of the production of in situ-primed linear DNA did not noticeably increase the frequency of virus-cell junctions, as has been reported to occur in DHBV-expressing chicken hepatoma cells (10) . The results suggest that the availability of in situ-primed linear viral-DNA substrates is not essential for viral-DNA integration because rcDNA may provide additional linear substrates in the form of cohesive-end linear molecules with comparable efficiency. We speculate that the availability of cellular-DNA ends, resulting from DNA damage or replication, may be one of the major factors determining the frequency of integration, since DNA ends appear to be highly recombinogenic in hepatocytes. An effect of DNA damage on the integration frequency in a DHBV-expressing cell line, D2, has recently been reported (22) .
Presumably, integration of linear DNA into cellular DNA requires that linear DNA be imported into the nucleus of the infected cell. Such nuclear import of viral DNA is known to occur in the phase of cccDNA amplification during the initiation of infection (29, 30) . Moreover, conversion of linear DNA into cccDNA is regulated by the pre-S envelope protein, which prevents cccDNA synthesis by directing nucleocapsids containing mature linear or rcDNA into a pathway for assembly and secretion of enveloped virus particles (13, 28, 31) . Thus, we might infer that the viral-DNA integration is regulated by the pre-S protein and may normally be limited to the initiation phase of infection. Moreover, because linear-DNA molecules efficiently undergo intramolecular recombination to produce cccDNA (31), linear-DNA substrates for integration are expected to exist only transiently in the nucleus. Therefore, opportunities for viral-DNA integration beyond the early phase of infection would require continued import of viral DNA into the nucleus and would depend on new rounds of infection or on loss and replacement of cccDNA by cell turnover or other mechanisms.
Although hepatocellular carcinoma does not appear to be a common result of infection with DHBV, other hepadnaviruses are strongly oncogenic in the liver (4) . These include the human and the woodchuck hepadnaviruses, HBV and WHV, respectively. Hepatocellular carcinomas associated with these infections commonly contain integrated hepadnavirus DNA, indicating that viral-DNA integration occurred in the precursor cells that gave rise to the tumors. Moreover, 20 to 41% of WHV-induced hepatocellular carcinomas contain WHV DNA integrated in the vicinity of the N-myc1 or N-myc2 genes, resulting in activated transcription from this proto-oncogene (7, 12) . Our studies suggest that integration of linear viral-DNA forms may occur preferentially during early phases of infection or during periods of extensive cell turnover and reinfection, when linear viral DNA is imported into the nucleus. In addition, viral-DNA integration may be enhanced during these periods by the availability of DNA ends resulting from DNA replication or from DNA damage (22) . Thus, the production of conditions in the liver favoring viral-DNA integration and insertional mutagenesis may partially explain how chronic inflammation and regeneration increases the risk for hepatocellular carcinoma in chronic hepadnavirus infection.
